INTRODUCTION
Recent experimental work dealing with the fundamental problem of plant nutrition has been directed mainly to such crop plants as wheat, barley, rice, buckwheat and soybeans grown in water and sand cultures. The potato, an entirely different type of plant and one that presents a number of special problems, has received but little attention. Skinner (13) suggested a method for growing potato plants in water cultures, but apparently little has since been done along this line. Johnston (5) called attention to some of the difficulties encountered in such a study and reported some preliminary work on the nutrient requirement of the potato plant. It was found that fairly uniform sprouts could be obtained for water and sand culture studies from tubers planted in a bed of sawdust. These sprouts did not grow well in water cultures although such a medium is ideal chemically. The medium used in the experiments reported in the present paper was pure white quartz sand treated with the nutrient solutions under consideration.
Two series of experiments were undertaken to determine the best proportion of salts necessary to produce the best growth of potato plants and the greatest yield of tubers. Irish Cobbler was the variety of potato used throughout these experiments.
SERIES I

Introductory
The abnormal growth of the potato plant in water cultures made it imprac tical to carry on any extensive salt requirement studies where such a medium was used. Sand cultures were therefore selected for these experiments. There are, however, several objections to sand culture methods as often practiced. A change in the moisture content of the sand takes place during the interval between solution renewals. A constant renewal of solutions would overcome this objection, but such a practice is not feasible. There is also a difference in the moisture content of the sand between the beginning and the end of the experiment, even when the cultures arc daily brought back to their original weight by the addition of water. As the plant grows, a part of the 390 EARL S. JOHNSTON original total weight (mostly water) of the culture is transferred from the sand to the plant. Each time the culture is brought back to its original weight, the total weight is of course the same as the original total weight, but the sand mass is lighter and the plant heavier. With each successive operation the moisture content of the sand becomes less where the plant gains in weight. The weight of the moisture lost from the sand and not the amount lost from the entire culture (plant and sand mass) is the quantity to be added at each renewal. Thi .
s error is worth noting where plants arc used whose weight increases greatly in proportion to the weight of the solution in the sand mass. Other changes are brought about by the selective absorption of elements and ions. With these limitations in mind the sand culture method was employed as best suited to the conditions of the present study.
Procedure and method of experimentation
Potato tubers (4-oz. size) with sprouts just beginning to develop were selected from a lot of home-grown Irish Cobblers and planted 3 to 4 inches deep in sawdust in one of the greenhouses of the Maryland Agricultural Experi ment Station on October 8, 1919 . About 7 weeks later (November 25) the sprouts were separated from their tubers, washed in tap water and divided into three groups according to size and development. Group A was composed of sprouts with 6 to 8 leaves well developed, but not of full size, group B was composed of sprouts with 4 or 5 leaves well started and group C of sprouts with 1 or 2 leaves started or with leaves just beginning to open from their buds. These sprouts were then washed in distilled water.
Three sprouts with well developed roots, one from each group, were weighed and placed in a 1-gallon glazed earthenware jar containing 4500 gm. of air-dry sand1 and 1000 cc. of nutrient solution. The sand was then flooded by adding 500 cc. more of the nutrient solution, thus making the final adjustment of the plants in the sand very easy. Enough of the solution was then drawn off to bring the level of the water-table below the surface of the sand. The follow ing morning more of the solution was withdrawn to reduce the total amount to 675 gm. There were then 675 gm. of solution to 4500 gm. of air-dry sand, or 15 per cent of the dry weight of the sand was the weight of the solution in the culture. A small collar of cotton was placed around the stem of each plant at the surface of the sand and a wax seal (4 parts parawax and 1 part white vaseline by weight) similar to that used by Briggs and Shantz (1) was poured over the surface of the sand at a temperature of 50° to 60°C. The cotton served the double purpose of protecting the plants from the hot wax and providing space for the transverse growth of the stems. Twenty-two cultures were thus prepared, weighed and placed on a rotating table similar to that employed by Shive (11) . An atmometer corrected to the Livingston (6) standard spherical atmometer was operated on the table with the cultures  and a maximum-minimum thermometer was suspended in the shade beneath  the table. The method of renewing solutions difTcred somewhat from those employed by l\kCall (7), McCall and Richards (8) and Shive and Martin (12) . Each pot was provided with a glass tube, of about 4-mm. bore, extending to the bottom where it made a 90° angle and ended in a funnel-shaped opening. A, glazed earthenware pot; B, wax seal; C, sand mass; D, supply tube with cork stopper E; F, outlet tube for withdrawing solutions by suction; G, glass wool.
A small glass tube was inserted from this larger opening into the bend of the tube and a tuft of glass wool wedged in next to the small piece of tubing. Suction was applied at the upper end of this tube whenever the solution was drawn off. Another glass tube, 2 cm. in diameter, ran through the center of the sand mass to the bottom of the pot. Into this tube fresh solutions were poured. These tubes are diagrammatically represented in figure 1 . Solutions added at the bottom and allowed to rise through the sand are likely to disturb the plant roots less than those added at the top that flow rapidly down over 
Presentation of results
There was considerable variation in the general vigor or health of plants in the same cultures. This variation was probably due in part to the fact that sprouts of three different sizes were planted in each pot and to the use of home-grown seed of this particular variety which is not nearly so uniform as that grown at higher altitudes or farther north. General vigor or health of individual plants can not very well be measured quantitatively, so a method of scoring as described by Free (2) The total green weight of the sprouts just before planting and the total green weight of plants (tops and roots without new tubers) at the time of harvest are given per culture in table 3 in grams and in numbers relative to the average total weight of sprouts. These sprouts when planted were not as uniform as was desired, but an examination of the ratios of final to original green weight shows the effect of various cultural treatments to be greater than that expected from individual variation alone. The final green weight of plants is greatest for culture 15 while that of culture 14 is second. Cul tures 5, 8 and 9 also are very good. The greatest ratio value occurs for culture 20, but this is due to the low initial weight of sprouts. The green weights of new tubers produced by the plants of this series are given in the last two columns of table 3. The seven cultures producing the greatest weight of tubers arc 5, 14, 4, 6, 15, 13 and 8. The average weight per culture of the entire series is 32.3 gm. The data of table 3 are perhaps more clearly presented as graphs in figure 2. The culture numbers are given in order along the abscissa. The first heavy line over the first six culture numbers represents the first row of cultures in the triangle diagram described in various publications3 and illustrated in figures 4 and 5. The second heavy line over cultures 7 to 11, inclusive, is the second row of cultures in the triangle diagram. The third heavy line is the third row of cultures, etc., culture 21 being the apex of the triangle. All graphs are plotted from the relative numbers in the table. In the lower half of the figure the full horizontal line represents the average green weight of sprouts at the time of planting, the broken line represents the green weight of sprouts of individual cultures and the full irregular line represents the green weight of the plants (tops and roots without tubers) at the time of harvest. Variation in weight of the sprouts is shown by the departure of the broken line from the horizontal line. The production of tops and roots is greatest in culture 15 with culture 14 a close second. In general as the position of a culture is moved from left to right along the heavy lines repre senting the culture rows the final green weight is increased. This suggests that either an increase in the proportion of calcium nitrate or a decrease in the proportion of magnesium sulfate increases the green weight production. There are, however, indications that a too great proportion of calcium nitrate or a too small proportion of magnesium sulfate decreases green weight pro-duction. The question as to whether the calcium nitrate or the magnesium sulfate is the controlling salt will be discussed later.
In the upper portion of figure 2 graphs of tuber production (broken line) and of the ratio of final green weight to original green weight of the plants (full line) are shown. There is a striking similarity between the graph of tuber production and that of final green weight production. With but few exceptions the shapes and slopes of the curves are identical. The ratio graph has the appearance of a series of rises with each succeeding rise higher than the one immediately preceding. The highest point (culture 20) as stated before is largely due to the low weight of these sprouts at the time of planting. The weight of sprouts in culture 20 was farthest below the average for the series while that of culture 7 was highest above the average, which latter fact accounts for the very low drop in the upper graph for culture 7. The stem height of each plant (distance from surface of wax seal to base of terminal bud) is recorded in 
SERIES II
Introductory
The culture pots used in series II had a capacity of 2 gallons each instead of 1 gallon as in series I. The amount of sand used was just twice that used in the first series, but the same moisture content (15 per cent based on the weight of air-dry sand) was maintained. This increase in the size of the cul ture pot was made in order to give the roots and tubers ample room for growth and to maintain a more uniform moisture content. The amount of water lost by transpiration for a period of three or four days is relatively great for large plants. By increasing the total amount of solution and size of container the percentage of drying out is much less than would be the case where a smaller container is used. The percentage decrease of any one ion or molecule is also much less where greater amounts of solution are used. These points have been emphasized by Hoagland (4) and deserve more attention than has heretofore been given them.
Procedure and method of experimentation
The arrangement of tubes and plants in the pots was the same as that employed in series I. As has been stated, the amount of sand used was twice as great and hence the amount of solution was doubled in order to maintain the same moisture content as the cultures of series I. This weighed amount of air-dry sand was placed in each of 22 pots and then carefully washed with tap water and later with distilled water. The sand was then flooded with the solution to be used in that particular pot.
The seed ends of 144 Western-Maryland-grown Irish Cobbler potatoes were planted in a bed of sawdust on February 12, 1920. On March 18, sprouts similar in size and appearance with four or five well developed leaves were detached from their tubers and washed in tap water and then in distilled water. These sprouts were planted in sand, three to a con tainer, and the cultures treated in a manner similar to that of series I. The check culture, number 22, was treated somewhat differently, however. A seed piece with three sprouts of the size used in the other cultures was care fully selected. This seed piece with its three sprouts was plantef! in the sand and treated in the same manner as the other 21 cultures with the exception that distilled water was used instead of a nutrient solution.
The weight of the cultures (about 14 or 15 kilos each) made it impracticable to use the rotating table employed in series I. A stone top table in the central part of the greenhouse was therefore used to support these cultures. To facilitate flooding the sand with solutions at the time the solutions were renewed, a liter flask containing the proper solution was placed on asmall shelf in front of the culture and connected by a siphon to the central glass tube in the pot. The bottom of the flask was raised slightly higher than the surface of the wax seal. Such an arrangement of siphons made it possible to flood all the cultures at the same time. The cultures were permitted to remain in this saturated condition for several minutes before suction was applied and the total weight of each reduced to its original value.
Presentation of results
The three plants of each culture in the second series were much more uni form in appearance than those of the first series. No special scoring of relative health or vigor was made, but measurements similar in character to those of the earlier series were recorded during the experiment and at the time of harvest (May 6) and similar tables and graphs constructed. occurs in culture 10 rather than in culture 15, however. Very little difference is noticed between cultures 10, 15 and 18 in tuber yield. The ratio graph (upper full line) showing the gain in green weight of the plants has its maximum at culture 15 and its minimum at 12. The two preceding and the two fol lowing maxima decrease in value the farther they are removed from this central maximum. With the shortening of the heavy base lines representing culture rows the proportion of potassium phosphate increases. The series of maxima in the upper graph indicates that with an increase of potassium phosphate up to the third row, better plants are produced, but beyond that row decreased growth is noticed. The graph also shows that an increase of calcium nitrate up to the fourth or fifth culture of each row, where the rows are that long, produces increased growth. This is indicated by the rise in the curve above the heavy base lines representing culture rows. Measurements of stem height per plant and the average for each culture are presented in table 6. Transpirational water loss for the entire period, dry weight of plants and the water requirement also are given for each culture in this table. The maximum average height value occurs for culture 15 and the minimum value for culture 22. These same cultures have the maximum and minimum transpirational values, respectively. The dry weight value for culture 15 is almost eight times that of the minimum, 2.3 gm. for culture 22. Since culture 22 received no fertilizer treatment and its plants were attached to their seed piece it is not comparable with any of the 21 cultures of the triangle. The maximum average height value of culture 15 is almost four times that of culture 12 of the triangle and its dry weight value is more than four times that of culture 19, the two cultures whose respective values are lowest. No such variations between cultures occur for the water requirement. The mean water requirement for this series is 409 with a standard deviation of 42 ± 4.3.
CONCLUSIONS
Introductory
Potato plants of corresponding cultures of the two series show great similar ity in their reaction to the same salt proportions of the 21 different treatments. There are minor variations, but these are to be expected where a plant of considerable individual variation is employed, especially when two lots of seed are used. There is also the possibility of seasonal conditions bringing about different kinds of reactions in plants at different stages of development. This may account for the variation between plants of the same cultures in series I for the sprouts in each culture of this series were of three different sizes when planted. The seasonal differences, together with the use of home grown seed, no doubt account for the smaller plants produced in series I. This series was grown at a time of year when light conditions were at a mini mum. In spite of minor differences between the two series the results can be legitimately averaged and general conclusions deduced therefrom.
The green weight of the plants at the time of harvest, the dry weight of these same plants, the green weight of tubers and the water requirement for corresponding cultures of these two series have been averaged and are presented in table 7 . All the average weights are given in grams per culture and as numbers relative to the average of each respective kind of measure ment. The water requirement values are the averages of those given in tables 4 and 5. 
Tuber production
The economic importance of the potato is due to its tuber and the ultimate aim of culture work is the working out of a properly balanced fertilizer that will bring about the greatest yield of tubers. With the nutrient elements contained in the three salts here used considerable differences in amounts of new tubers produced were obtained in the various cultures. The average yield of the two series is given in grams and in numbers relative to the average yield in the third double column of table 7. The greatest yield (83.5 gm.) is shown for culture 15 while cultures 10 and 18 give almost as good yields. The minimum yield of 32. 7 gm. is found in culture 21. The maximum is about 2.6 times as great as the minimum. This is practically the same ratio that exists between the maximum and minimum green weights of the plants on which these tubers grew.
The relative numbers make comparisons between cultures and between these three kinds of measurements (green and dry weights of plants and green in the "swamp land" while the contour lines are drawn for every 10 gm. of "elevation" above SO gm. The highest culture (number 15) is encircled by a heavy ring while the lowest (n_ umber 21) is within the double ring. These two cultures are the same high and low ones of figure 4. There are minor differences in the shape of the contour lines, but in general there is marked similarity between these two figures. Apparently the same proportions of salts that bring about good growth of plants (tops and roots) bring about good growth of tubers.
Height
The average height of plants in series I is 4.0 cm. while that in series II is 11.3 cm., or almost triple that of series I. This difference is probably due to seasonal differences of the two series.
JV atcr requirement
The average water requirements of the cultures in the two series as given in table 7 show a maximum value of 453 for culture· 20 and a minimum value of 323 for culture 15. The maximum value is approximately 1.4 that of the minimum, or there is a variation of about 40 per cent between maximum and minimum. This is a small variation when those of the other data in the table are considered. It also happens that culture 15 has the lowest water require ment and the highest green weight values of plants and tubers, but when the average water requirement values arc arranged in descending order and plotted with the green weights of plants and tubers, culture for culture, there is apparently no relation seen. There seems to be a tendency for the water requirement value to remain constant under the various climatic conditions and in the various cultures of these experiments.
SUMMARY
The results obtained from two series of experiments dealing with the nutrient requirements of the Irish Cobbler potato plant are presented in this paper. Potato sprouts separated from their seed pieces were grown in sand cultures and treated with solutions designated as type I. This series of solutions con sisted of 21 different salt proportions of monobasic potassium phosphate (KH2P04), calcium nitrate (Ca(N0a)2) and magnesium sulfate (MgS04). The partial osmotic pressure of each varied by equal increments of one-eighth of the total osmotic pressure which was approximately 1.00 atmosphere.
Whether the green weight of plants (tops and roots together) or the green weight of new tubers produced is used as the criterion of growth, the best average values of corresponding cultures of the two series occurred for the cultures high in calcium nitrate and low in magnesium sulfate with a medium amount of potassium phosphate. Cultures giving the lowest yields were low in calcium nitrate. The average highest yielding culture was IR3S4 with the three salts in the following volume-molecular concentration : KH2P04, 0.0065 M. ; Ca(N03)2, 0.0086 M. ; MgS01, 0.0021 Af. The average lowest yielding culture was IR6S1 with the following volume-molecular concentration: KH2PO,, 0.0145 M. ; Ca(NOa)2, 0.0024 M. ; MgS04, 0.0024 M.
